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J.R., Blanton, M.R., Rojas, G., Hao, Y., Flowers, W.L., Banin, E., etFunctionally, the primary cell affected in this condition
al. (1997). Nat. Biotechnol. 15, 965±970.is the cone photoreceptor, although pathologists and
Soucy, E., Wang, Y., Nirenberg, S., Nathans, J., and Meister, M.clinicians have for a long time thought that the primary
(1998). Neuron 21, 481±493.defect was in retinal pigment epithelial (RPE) cells. How-
Sun, H., and Nathans, J. (1997). Nat. Genet. 17, 15±16.ever, it turns out that ABCR is expressed neither in RPE
Swain, P.K., Chen, S., Wang, Q.L., Affatigato, L.M., Coats, C.L.,nor in cone cells, but rather is expressed exclusively in
Brady, K.D., Fishman, G.A., Jacobson, S.G., Swaroop, A., Stone, E.,the disc membranes of rod outer segments (Sun and
et al. (1997). Neuron 19, 1329±1336.Nathans, 1997). Thus, in Stargardt disease the genetic
defect in rod cells apparently affects RPE cells, which in
turn affect cone cells. Even the situation with rhodopsin
mutations is complex, as demonstrated by the finding
of apparent non±cell autonomous cell death. In chimeric
animals containing a mixture of wild-type photorecep- Photoreceptor ªRetinoid Pumpsº
tors as well as cells that carry a mutant rhodopsin in Health and Diseasetransgene, the wild-type photoreceptors die and they
die just as fast as the transgenic cells (Huang et al.,
1993).
The Banin et al. (1999) paper thus adds complexity to Since its original documentation by Dowling in 1960, the
a field that is already complicated. It is in fact one of visual cycle (or retinoid cycle) has been the subject of
those important pieces of work that raises more ques- considerable scrutiny. The visual cycle involves the con-
tions than it answers. It will cause investigators in the version of vitamin A (known as all-trans-retinol or all-
field to rethink many of their treasured paradigms. As a trans-ROL) into 11-cis-retinaldehyde (11-cis-RAL) by the
first step, especially due to complications in the extrac- retinal pigment epithelium (RPE), the transport of 11-
tion of cellular information from ERG recordings, it will cis-RAL to photoreceptors for the generation of pho-
be important to reproduce and extend the findings using topigments, the photoisomerization and reduction of 11-
similar as well as complementary approaches. Since it cis-RAL back to all-trans-ROL, and the transport of
is becoming increasingly clear that there are significant all-trans-ROL back to the RPE for participation in another
differences between vertebrate retinae, it will be impor- cycle. Although initial progress toward understanding all
tant to test whether the observed phenomena are unique of the molecular players in the visual cycle was relatively
to the pig retina or are common to other mammalian, slow, recombinant DNA technology has enhanced the
and perhaps also other vertebrate, retinae. Are species pace considerably. The results have in some cases been
in which there is prominent postnatal retinal develop- surprising and rich in relevance to human disease. The
ment more likely to demonstrate these changes? Al- latest example is the characterization of an ATP binding
though data are presented to suggest similar postsyn- cassette (ABC) transporter that is located in the rims of
aptic cone pathway changes in the human, it is not
rod outer segment discs (Illing et al., 1997). Malfunctions
totally convincing. If such changes do occur in humans,
in this rod ABC protein (ABCR) have been implicated inare there psychophysical and perceptual sequelae of
a variety of inherited retinal degenerations, most notablythese changes? What are the cellular and molecular
Stargardt disease, which primarily affects central ormechanisms by which early-onset retinal degenerations
macular vision (Allikmets et al., 1997).affect development? Finally, the results presented raise
In order to grasp the significance of the current find-an additional concern about how successful therapeutic
ings, an abbreviated description of the retinoid cycle isstrategies aimed at photoreceptor replacement will be
in order (see figure). The parent compound in the visualin restoring vision in patients with late-stage retinal de-
cycle is all-trans-ROL, which is delivered to the RPE bygeneration.
retinol binding protein (RBP) via the choroidal circulation
of the eye. Once inside the RPE, all-trans-ROL encoun-Donald J. Zack
ters a brigade of binding proteins and enzymes thatThe Wilmer Institute
mediate its transformation into 11-cis-RAL, the chromo-The Johns Hopkins University School of Medicine
Baltimore, Maryland 21287 phore for mammalian rod and cone photopigments (see
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Abbreviated Schematic of the Visual Cycle
The location of the ABCR transporter and its
putative role in retinoid transport at the rim
of the rod outer segment disc are indicated
in the inset at the lower left. Art by Jane Hu.
Bok, 1993, for a short review). The RPE releases 11-cis- following diffusion out of the binding pocket, all-trans-
RAL is reduced to all-trans-ROL by rod-specific reti-RAL from its apical membrane into the interphotorecep-
nol dehydrogenase before it leaves via the plasma mem-tor matrix, after which it finds its way to the photorecep-
brane and goes back to the RPE for reconversion back totor outer segments, the light-sensitive appendages that
11-cis-RAL and another round through the retinoid cycle.mediate phototransduction. We will limit discussion to
Two recent studies, one in the July 9 issue of Cellrods, since ABCR is not expressed in cones.
involving ABCR gene disruption in mice (Weng et al.,Following entry into a rod outer segment, 11-cis-RAL
1999) and the other involving reconstitution of purifiedbinds to an opsin molecule that has been relieved of its
ABCR into liposomes (Sun et al., 1999) have given con-chromophore by ªphotobleaching.º Opsin molecules are
siderable insight into the role of ABCR in health andhelical-bundle, G protein±coupled membrane receptors
disease. Combined, these studies strongly suggest thatthat are mobile within the lipid bilayer of outer segment
ABCR serves as a translocator (ªflippaseº) for all-trans-discs. Each disc is a derivative of the rod plasma mem-
RAL and phosphatidylethanolamine (PE) complexed to-brane that can be envisioned as a flattened, single lamel-
gether as a Schiff's base called N-retinylidene-PElar proteoliposome. Rhodopsin, the bound opsin/11-cis-
(NRPE). All-trans-RAL and PE apparently combine toRAL complex, moves freely by translational diffusion in
form NRPE within the disc lumen, following the diffusionthe lipid bilayer, whereas the ABCR protein is located
of all-trans-RAL from its opsin binding pocket.exclusively at the periphery (rim) of these flattened discs
Mice lacking ABCR (Weng et al., 1999) have elevated(Illing et al., 1997).
levels of all-trans-RAL, elevated levels of PE, and ele-
In the dark-adapted state, rods exhibit extraordinarily
vated levels of NRPE within their outer segments follow-
low noise because of the thermal stability of rhodopsin. ing light exposure. The authors argue that nearly all of
Each rhodopsin in a mouse or human eye consists of a the all-trans-RAL is normally present in the complexed
single subunit (348 amino acids) with 11-cis-RAL cova- form NRPE. Additionally, their rod outer segments show
lently linked to lysine 296 via a protonated Schiff's base a transient decrease in all-trans-ROL and delayed dark
(aldimine). When a photon is absorbed by rhodopsin, adaptation (dark adaptation is the process following
the 11-cis-RAL isomerizes to all-trans-RAL and the pro- light exposure whereby opsin molecules are converted
cess of phototransduction, a cycle distinct form the vi- to rhodopsin molecules). This is all consistent with a
sual cycle, begins. Meanwhile, following photoisomer- defect in the transport of all-trans-RAL and PE in the
ization of its chromophore, the opsin molecule itself outer segments of animals that lack ABCR. Normally,
undergoes a conformational change and the Schiff's with a functional ABCR transporter, the NRPE would be
base is hydrolyzed to release all-trans-RAL from the ªpumpedº from the disc lumen into the cytosol, where
opsin binding pocket. This process is slow and is not it would encounter the rod-specific all-trans-ROL dehy-
drogenase. In the absence of ABCR activity, however,a part of the phototransduction process. Meanwhile,
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NRPE accumulates and all-trans-ROL levels are tran- Dean Bok
siently decreased due to the inability of all-trans-RAL Department of Neurobiology and Ophthalmology
to gain access to the dehydrogenase. School of Medicine
The reconstitution studies of Sun et al. (1999) utilized University of California, Los Angeles
a large array of potential substrates and demonstrated Los Angeles, California 90095
that all-trans-RAL is the most likely substrate since it
stimulates ABCR ATPase activity 3- to 4-fold with a half- Selected Reading
maximal effect at 10±15 mM. This stimulatory effect was
Allikmets, R., Singh, N., Sun, H., Shroyer, N.F., Hutchinson, A., Chi-observed only when PE was present in the proteolipo-
dambaram, A., Gerrard, B., Baird, L., Stauffer, D., Peiffer, A., et al.somes. This is also consistent with the notion that the
(1997). Nat. Genet. 15, 236±246.NRPE complex is the form actually transported.
Bok, D. (1993). J. Cell Sci. 17 (suppl.), 189±195.A second, interesting feature of the ABCR null mice
Dowling, J. (1960). Nature 168, 114±118.is the observation that their RPE accumulates lipofuscin
Eldred, G.E. (1995). Gerontology 41, 15±28.at a much faster rate than wild-type controls. Lipofuscin
Eldred, G.E., and Lasky, M.R. (1993). Nature 361, 724±726.consists of material that cannot be degraded by lyso-
Fain, G.L., Matthews, H.R., and Cornwall, M.D. (1996). Trends Neu-somal enzymes. Furthermore, the major chromophore
rosci. 19, 502±507.of RPE lipofuscin, called A2-E, a condensation product
Fishman, G.A., Farbman, J.S., and Alexander, K.R. (1991). Ophthal-of two all-trans-RAL molecules and PE, accumulates
mology 98, 957±962.more rapidly in the RPE of ABCR nulls. This suggests
Illing, M., Molday, L.L., and Molday, R.S. (1997). J. Biol. Chem. 272,that NRPE, unable to leave the outer segment discs, is
10303±10310.trapped there until ingested by the RPE. Interestingly,
Sun, H., Molday, R.S., and Nathans, J. (1999). J. Biol. Chem. 274,the consequence of this is observed not in the outer
8259±8281.segments, but in the RPE, whose multiple tasks include
Weng, J., Mata, N.L., Azarian, S.M., Tzekov, R.T., Birch, D.G., andthe daily phagocytosis and digestion of shed distal rod
Travis, G.H. (1999). Cell 98, 13±23.
outer segments (Young and Bok, 1969). Within the lyso-
Young, R.W., and Bok, D. (1969). J. Cell Biol. 42, 392±402.
somes of the RPE, NRPE is apparently converted to
A2-E where it suppresses enzyme activity (Eldred, 1995)
and serves as a lysosomotropic agent due to its deter-
gent-like properties (Eldred and Lasky, 1993). Impor-
tantly, Stargardt patients also exhibit elevated levels of
lipofuscin in their RPE cells and suffer from delayed CREB Can Get You Depressed
dark adaptation (Fishman et al., 1991). RPE cells also
ordinarily provide the photoreceptor cells with nutrients
and maintain their proper ionic environment. Apparently, Many neuronal systems exhibit both a protein synthesis±
the insult to the RPE eventually compromises its func- independent early phase of synaptic plasticity and a
tion and, due to its inability to properly nurture the photo-
distinct late phase of synaptic plasticity, which lasts
receptor cells (providing essential nutrients and per-
many hours or days and requires new protein synthesis
forming its phagocytic role), the rods die.
and gene transcription. Similarly, memory has both a
What is the physiological basis for the delayed dark
short-term component that is independent of proteinadaptation in null ABCR mice and Stargardt patients?
synthesis and a long-term component that requiresPresumably, all-trans-RAL prolongs its stay in the bind-
translation and transcription. The transcription factoring pocket of opsin and prevents the uptake and binding
CREB is a prominent candidate molecule for mediatingof 11-cis-RAL. Additionally, all-trans-RAL is known to
the switch from early to late phases of synaptic plasticityform a noncovalent complex that activates the visual
(reviewed by Martin and Kandel, 1996; Yin et al., 1996;transduction pathway with about 10% the efficiency of
Silva et al., 1998). CREB-dependent transcription is ac-photoactivated opsin. Thus, the patients and mice expe-
tivated by multiple protein kinases, including cAMP-rience a phenomenon called ªequivalent lightº (Fain et
dependent protein kinase (PKA), Ca21/CaM-dependental., 1996).
protein kinases I and IV (CaMKI and CaMKIV), RSK2, andThe discovery of a ªretinoid pumpº is a surprise to
other protein kinases downstream of the MAP kinasemany, since it was assumed that diffusion of retinoids
cascade. In all cases, phosphorylation of CREB on Ser-within the photoreceptors would suffice. However, upon
133 is thought to be critical for CREB interaction withreflection, the special properties of the rod photorecep-
the CREB binding protein (CBP), which then recruits thetor probably demand such a mechanism. Rods are de-
basic transcription machinery to the CREB-regulatedsigned to operate at very high sensitivity in dim light,
promoter.and this property cannot be achieved as long as there is
Studies in diverse systems, including Aplysia, Dro-all-trans-RAL in the binding pocket of opsin. It therefore
sophila, and mice, have implicated CREB in synapticbehooves the cell to rid itself of all-trans-RAL as quickly
plasticity and learning and memory (Martin and Kandel,as possible. This photoproduct apparently hooks a ride
1996; Yin et al., 1996; Silva et al., 1998). In Aplysia,on a substrate commonly pumped by ABC transporters
injection of phosphorylated CREB1 is sufficient to in-that move phospholipids from one leaflet of the bilayer
duce a long-term synaptic facilitation that lasts 24 hr.to the other (ªphospholipid flippasesº). Unfortunately,
Drosophila that express a dominant-negative CREB mu-for those individuals with mutations in ABCR, the RPE
tant fail to learn an odor-specific memory task. Mice inand photoreceptors ultimately pay a high price for this
elegant mechanism. which the a and d isoforms of CREB have been deleted
